The emission of the traditional energy chemical industry accounts for 20% of the total man-made VOC emission in China, of which coal chemical and petrochemical plants are one of the most important VOC emission sources. VOC emission sources mainly include the leakage of oil refinery units and equipment, pipes and valves, respiration and leakage of various types of storage tanks, effusion of oils during loading and unloading, effusion of sewage treatment systems, all kinds of process tail gas, etc. In this paper, the current management status of VOC emission in China's coal chemical industry and petrochemical industry are analyzed, which divides VOC management into intentional and fugitive emission. The Leak Detection and Repair (LDAR) management method and technology for equipment, pipes and valves implemented in the United States are studied to propose self-inspection management methods and measures for VOC emissions in the energy chemical industry, providing strategies and recommendations for energy conservation, emission reduction and cleaner production in the traditional energy chemical industry.
Introduction
With the rapid economic development, China's energy demand grows rapidly, posing a great challenge to energy supply and environmental ecology. Petroleum resources are increasingly scarce, and the international and domestic oil prices are continuously increased in the long term, causing a series of energy security issues. China's fossil energy structure is rich in coal and poor in oil & gas. In 2014, China ranks third in the world in proven reserves of coal [1] [2] . The adoption of advanced coal conversion technology to build a new coal chemical industry with cleaner environment, significant economic benefits, leading products that are liquid fuels and petrochemicals which can replace petroleum are important ways to solve or alleviate energy shortages in China [3] .
At the same time, the development of the coal chemical industry is important to the adjustment of the industrial structure, product structure of coal-producing regions, the enhancement of core competence of enterprises and the realization of sustainable development [4] . Therefore, the coal chemical industry in China is developing vigorously with the encouragement of national policies, the guidance of the government and the active participation of enterprises. Large-scale and purposeful development of the coal chemical industry can make good use of limited coal resources to solve many energy crises. The coal chemical industry faces new market demands and development opportunities in China.
Coal chemical and petrochemical production processes can be generated a large number of pollutants [5] , mainly volatile organic compounds (VOCs) . By the definition of the US Environmental Protection Agency (USEPA), VOCs are organic compounds with a vapor pressure of 13.33 kPa -50.66 kPa (0.1 mmHg -3 80 mmHg) at 25°C [6] . National Emission Inventory shows that China has emitted about 16.5 -23.2 million tons of anthropogenic VOCs from 2005 to 2013, which shows a great amount of pollution [7] . According to the incomplete statistical results of the survey of VOC pollution sources by the Beijing Municipal Environmental Protection Research Institute, typical VOC toxic and hazardous substances mainly come from refinery and petrochemical, oil storage and transportation, paint production and use, printing and ink manufacturing, synthetic rubber, synthetic fiber and other industries, details in Table 1 . As one of the leading factors of PM2.5, VOCs have been gradually attracted attention and become an important part of control of air pollution [8] [9] [10] .
The control of VOCs has lasted for more than 30 years in China. However, According to the experience of petrochemical companies in the United States, the part of fugitive emission that comes from equipment leakage is the largest VOC emission source. USEPA National Executive Investigation Center published that VOC emission caused by equipment leakage far exceeds those of container storage, wastewater treatment, transfer operations, ventilation and air exchange, etc., while the leakage from valves and interfaces accounts for more than 90% of total leakage emission. According to the estimation of USEPA, the emission from equipment leakage accounts for approximately 0.01% of refinery crude oil processing capacity. The huge amount of leakage not only brings potential risks to the production site, but also is a huge waste of resources [14] .
Thus, it can be seen that the implementation of the plant-wide self-inspection on VOCs will greatly help factories and enterprises discover potential safety hazards in advance, improve process safety and reliability, detect equipment leakage in advance, reduce maintenance costs, optimize quality management of equipment suppliers, and guide equipment selection, reduce the risk of exposure to hazardous chemicals [15] , reduce air pollution, achieve clean production [16] , reduce raw materials and product losses and increase economic benefits.
VOC Management Status
China's VOC management can be divided into intentional emission and fugitive emission [17] . The VOCs that from intentional and emitted in the coal chemical and petrochemical production processes are easy to identify and can be controlled by installing corresponding monitoring instruments and control devices at the emission outlets [18] . As early as the 1970s, western have promoted the application of oil and gas recovery technologies and formulated strict regulations on hydrocarbon emission. China started the formulation of laws and regulations same as that in developed countries. However, over the years, China has gone through a period of technical exploration. At present, based on the proven technology of the introduction and recovery of self-owned oil and gas, China intends to further strict the regulations on hydrocarbon gas emission [19] , which will 
LDAR Research and Application in China
China started VOC leakage research since the early 1970s, a large number of researches on "leak-free factories" were conducted, but it developed slowly for a long time [8] .
The Environmental Protection Law of the People's Republic of China was 
VOC Self-Inspection Management Scheme

Overall Framework
From the development of advanced VOC control in western countries, the overall development trend is the gradual standardization and professionalization of inspection and management. Standardization is set up based on laws and regulations, technical specifications, it requires enterprises to pay attention on VOC emission and solve emission problems. Professionalization is that inspection and management work completed by professional technical service agencies, evaluated current enterprises VOC emission status by using advanced scientific detection systems and equipment, in addition of making countermeasures and solutions to the problems are proposed. Details are shown in Figure 2 . 
Scheme Steps
Identification or Investigation of Emission Source Inventory
According to the production process of the plant to be inspected, the first step of the inspection scheme is to conduct a survey for the plant-wide production process and prepare an inventory of production systems, devices and pipelines that may generate VOC emission. The common production processes of the coal chemical industry mainly include:
• Coal preparation system;
• Gasification system;
• Purification, transformation and recovery systems; and
• Sewage treatment system.
Coal preparation system mainly produces dust and particulate pollution, and other systems produce mixed waste gas such as VOCs, particulate matter, nitrogen and sulfur, with both intentional and fugitive emissions.
Judgement and Assessment of Emission Source Inspection and Management Scheme
According to the conclusions obtained from the identification or survey of emission inventories, management measures for emission sources shall be analyzed accordingly, comprehensive consideration shall be given to investment income, project planning, emission reduction cost and control efficiency, the most appropriate management scheme shall be assessed and determined.
Implementation of Emission Source Inspection and
Management Projects According to a prepared inventory of production systems, devices, pipelines, etc., clearly intentional emission points should be located, and VOC emission and control status of these intentional emission points should be assessed. This part of the work is relatively easy to identify. The general intentional emission points are waste gas and tail gas outlets of the production equipment. China has a comprehensive standard and supervision system. Self-Inspection can be carried out a control effect assessment and an emission level assessment on the in- Fugitive emission inventory can be optimized based on the most advanced LDAR technology in the world and combined with years of waste gas control experience. A complete work scheme may include at least the following steps and content:
Step 1: Establishing an equipment inventory, including material review, P&ID review, site confirmation and database establishment
Equipment that needs to be monitored for fugitive emission during the plant-wide production process should be identified. Each detection component should be identified with a unique identifier (LDAR must be implemented for specific equipment components, which is required in the regulations of the United States). The ID number of the target component in the pipeline and equipment drawings (like P & ID drawing) should be marked, LDAR data with electronic equipment shall be recorded, brands shall be hung at site or bar codes shall be used for leakage components to achieve digital management. A regular on-site inspection shall be performed to ensure that a strict correspondence between all equipment components and IDs shall be always maintained during the pant production process.
Step 2: Detecting with hydrocarbon analyzers and/or optical gas imagers, and setting inspection frequency and leak definition based on safety, risk and product cost A detector is used to detect surfaces of equipment that may leak. If the reading of the detector is found to be large and has an upward tendency, tracking its surrounding area should continued, the detector needs to be placed at the highest reading and set up an reasonable frequency to read the instrument response.
Then, the maximum recorded value will be marked as the leak value monitored
here. If the concentration of one unit of equipment exceeds the standard value, it
indicates that the equipment is leaking and needs to be repaired or modified.
The monitoring period of equipment components varies, and the monitoring frequency of the plant is generally higher than that specified by regulations.
Step 3 Table 2 ). Among them, the leakage caused by valves and fittings accounts for more than 90% of the total equipment leakage.
If components with a detection result of more than 10,000 ppm are repaired, about 70% of emission can be reduced. If components with a detection result of more than 500 ppm are repaired, about 90% of emission can be reduced, which will bring greater economic benefits.
Self-inspection can bring other benefits such as detecting safety hazards in advance improving process safety and reliability. Detecting equipment leakage in advance and reducing maintenance costs as well. On the other hand, optimizing Journal of Environmental Protection reducing the risk of exposure to harmful chemicals, reducing air pollution and achieving cleaner production; reducing the loss of raw materials and products and increasing economic returns are potential benefits from self-inspection. Before one country fully implements VOC pollution fees, it is necessary to understand its own emission status, understand the cost of pollution discharge and find the most appropriate emission reduction plan.
Recommendations for Implementation
Take an overall consideration for the current domestic and international regulations, standards and technical development backgrounds for VOC inspection and management. It is beginning with deploy and implement the VOCs plant-wide self-inspection and management from the following points (Table 3) :
Step 1: Establish strategic partnerships with industry-leading technology, service and product suppliers, jointly form a special group for "VOC inspection and management", conduct an in-depth study of relevant regulations, standards and technologies, formulate an action framework for corporate VOC inspection and management and incorporate it into the annual corporate development plan.
Step 2: Identify or survey VOCs emission inventories, and adopt calculations or measurements to determine appropriate emission factors, evaluate the overall project volume and carry out necessary emission source detection and equipment Table 3 . Procedures of recommendations for implementation.
Steps Contents 1 Establish strategic partnerships with industry-leading technology, service and product suppliers, jointly form a special group for "VOC inspection and management", conduct an in-depth study of relevant regulations, standards and technologies, formulate an action framework for corporate VOC inspection and management and incorporate it into the annual corporate development plan.
2
Identify or survey VOCs emission inventories, and adopt calculations or measurements to determine appropriate emission factors, evaluate the overall project volume and carry out necessary emission source detection and equipment leakage detection according to specific requirements and circumstances.
3
Formulate and evaluate the corresponding inspection and management measures for intentional and fugitive emission sources respectively according to the establishment of VOC emission inventory.
4
Carry out the corresponding inspection and management projects of intentional and fugitive emission sources respectively according to the measures determined by the assessment.
leakage detection according to specific requirements and circumstances.
Step 3: Formulate and evaluate the corresponding inspection and management measures for intentional and fugitive emission sources respectively according to the establishment of VOC emission inventory.
Step 4: Carry out the corresponding inspection and management projects of intentional and fugitive emission sources respectively according to the measures determined by the assessment.
Summary
It is essential to self-inspect the VOC emission in China's traditional energy chemical industry. By learning from the implementation and management methods of LDAR Technology of the United States, the self-inspection scheme specifically includes the identification or survey of emission inventory, judgment and assessment of emission source inspection and management scheme, implementation of emission source inspection and management projects, performance evaluation and trend analysis. Not only can this method achieve VOC emission reduction and increase economic efficiency, but also reduce costs and achieve cleaner production.
